In the hemopoietic system c-myb expression is required for proliferation of immature cells and its downregulation is required for dierentiation. In colonic mucosa c-myb expression occurs at levels comparable to immature hemopoietic cells. Inhibition of c-myb expression in colon cell lines, using anti-sense oligonucleotides, indicates that c-myb expression is required for proliferation. However, the mechanism of c-myb regulation during colon cell dierentiation has not been explored. Using the LIM1215 and CaCo-2 colon carcinoma cell lines induced to dierentiate with sodium butyrate, we demonstrate that c-myb mRNA is downregulated as an early event in dierentiation by a mechanism involving transcriptional attenuation in intron 1. By analogy with procaryotic and eucaryotic genes, transcriptional attenuation probably occurs in a region containing nineteen consecutive thymidine residues. Computer prediction of the secondary structure of the nascent mRNA chain encoded by this region suggests a strong potential for stem-loop formation. Sequence analysis of several colon tumour cell lines reveals mutations in this region that may disrupt transcriptional attenuation and result in the increased c-myb expression observed in colon tumours and tumour cell lines.
Introduction
In the hemopoietic system, c-myb expression has been considered essential for the proliferation of immature hemopoitetic cells and down-regulation is a prerequisite for dierentiation (reviewed in Sheng-Ong, 1990; Luscher and Eisenman 1990; Weston, 1990) . Aberrant expression of full-length or truncated c-myb protein has been associated with transformation of hemopoietic cells (Ferrao et al., 1995; Sheng-Ong, 1990) , as well as with malignancies of several nonhemopoietic tissues including the colon (Thompson and Ramsay, 1995) .
In the colonic system, c-myb expression is observed in normal murine and human colonic mucosa and is present at elevated levels in human pre-malignant adenomatous polyps, tumours and tumour cell lines (Alitalo et al., 1984; Torelli et al., 1987; Trainer et al., 1988; Ramsay et al., 1992; Thompson and Ramsay, 1995) . In contrast to c-myb expression in transformed hemopoietic tissues and cells of murine and avian origin, there was no evidence of Myb protein truncation (Ramsay et al., 1992) . As in the hemopoietic system, anti-sense oligonucleotide experiments suggest c-myb expression is essential for colon cell proliferation (Melani et al., 1991; Ramsay et al., 1992) .
The regulation of c-myb expression has been studied in the murine and human hemopoietic systems and is predominantly dependent on transcriptional mechanisms. In the murine hemopoietic system comparative studies of cells of immature and mature phentotype demonstrated a direct correlation between the relative abundance of c-myb mRNA and the level of transcriptional arrest in intron 1 (Bender et al., 1987; Watson, 1988a) . Similarly, the rapid down-regulation of c-myb mRNA that occurs during the induced dierentiation of mouse erythroleukemia cells (Watson, 1988b; Todokoro et al., 1988) and the promyelocytic cell line HL-60 (Boise et al., 1992) was found to result from a block in transcriptional elongation.
However, the regulation of c-myb expression during colon cell dierentiation has not been examined. Here, we examine c-myb expression in the human colon carcinoma cell lines, LIM1215 (Whitehead et al., 1985 (Whitehead et al., , 1986 and CaCo-2 (Pinto et al., 1983) , in the presence of sodium butyrate, a short chain fatty acid known to induce dierentiation in colonic epithelial cells (Augeron and Laboisse, 1974; Whitehead et al., 1986; Gamet et al., 1992; Deng et al., 1992) . RNase protection and run-on transcription assays demonstrate that, as in the hemopoietic system, c-myb expression is down-regulated as an early event during dierentiation by a mechanism that involves transcriptional attenuation in the 5' region of intron 1.
Our examination of the nucleotide sequence of the ®rst intron revealed structural features common to attenuator regions ± a polythymidine sequence which is preceded by a GC-rich sequence of dyad symmetry (Spencer and Groudine, 1990) . Furthermore, computer analysis suggested that the secondary structure of the nascent mRNA chain encoded by the GC-rich region has strong potential to form a stem-loop structure similar to that predicted for eucaryotic genes such as N-myc (Xu et al., 1991) and c-fos (Mechti et al., 1991) .
Approximately 17% of sporadic colon tumours and up to 85% of tumours from hereditary non-polyposis colorectal cancer (HNPCC) patients show evidence of microsatellite instability (MSI) which arises from defects in the DNA mismatch repair mechanisms (Aaltonen et al., , 1994 Lothe et al., 1993; Young et al., 1993; Wu et al., 1994; Kim et al., 1994) . Recent studies suggest that one common type of mutation, occuring in tumours and tumour cell lines with mismatch repair defects, is a reduction in the length of mononucleotide tracts (Ionov et al., 1993; Markowitz et al., 1995; Chen et al., 1995; Bubb et al., 1996) . We therefore examined the attenuator region of the c-myb gene in a number of colon tumour cell lines and found deletions in the polythymidine sequence that may disrupt transcriptional attenuation and result in the elevated levels of c-myb mRNA and protein observed in colon tumours and tumour cell lines.
Results

Down-regulation of c-myb occurs as early event during dierentiation of LIM1215 cells
When myeloid and erythroid leukemia cell lines are induced to dierentiate in vitro, a rapid decrease in cmyb mRNA levels is observed. In order to determine whether c-myb expression is similarly down-regulated during induced dierentiation of colonic epithelial cells, c-myb mRNA levels were examined in LIM1215 cells following treatment with sodium butyrate. RNase protection analyses were performed on RNA isolated from cells at intervals over a 24 h period and after 120 h when the cells exhibit a fully dierentiated phenotype ( Figure 1a) . The results were con®rmed by Northern blotting analysis.
The densitometric analysis in Figure 1b is representative of two RNase protection analyses and demonstrates that there is a sharp decline in the expression levels of c-myb following sodium butyrate treatment, with less than 40% of the original mRNA level detectable after 8 h and no mRNA detectable by 24 h. This early decrease in expression occurs prior to expression of brush-border enzymes associated with dierentiated colonic cells (Whitehead et al., 1986) . There is also evidence that c-myb is partially (15%) reexpressed, with c-myb mRNA again detectable after 120 h when the cells exhibit a fully dierentiated phenotype.
Transcriptional regulation of c-myb expression during dierentiation of colon carcinoma cell lines
To investigate whether, as in the hemopoietic system, transcriptional attenuation plays a major role in regulating c-myb expression during dierentiation of colonic epithelial cells, run-on transcription assays were performed. Two cell lines, LIM1215 and CaCo-2 (data not shown), in which c-myb expression is downregulated during sodium butyrate induced differentiation, were examined. Nuclei were isolated from cells before and after treatment with 2 mM sodium butyrate for 72 h. Transcripts, initiated in vivo, were radioactively labelled during elongation in vitro and detected by hybridization to anti-sense RNA immobilized on ®lters. The location of the target anti-sense RNA, that was prepared by in vitro transcription of human genomic clones, is shown in Figure 2a .
The images obtained from radioactively labelled mRNA transcripts bound to the c-myb targets on the ®lters, are presented in Figure 2b . In LIM1215 and CaCo-2 cells following treatment with sodium butyrate, the level of transcriptional activity in the c-myc gene and in the c-myb gene 3' of the attenuator region was signi®cantly decreased relative to the transcriptional activity in control cells.
The densitometric analysis, shown in Figure 2c , represents the mean values obtained in two separate experiments from duplicate ®lters in each experiment. The results indicate that, following sodium butyrate treatment, the transcriptional activity in the 3' region of intron 1 and exon 2 of the c-myb gene (p1Bg3) was 27% (range: 21 ± 34%) of the activity in this region in LIM1215 control cells and 40% (range: 33 ± 47%) in CaCo-2 cells, after normalizing for any change in transcriptional activity in the promoter exon 1 region (p1E2). These values have been adjusted for the uridine content of the transcribed sequences. A similar relative decrease in transcriptional activity in the intron 2 ± exon 3 region (p1Bg2-5') can be seen in both cell lines.
A similar pattern of transcriptional activity in the cmyb and c-myc genes was noted during the DMSO induced dierentiation of the myelomonocytic cell line, HL-60. These ®ndings parallel previous observations (Boise et al., 1992) , as does the decrease in transcription of the g-actin gene but not the GAPDH gene.
Analysis of the attenuator region of the human c-myb gene
Analysis of the attenuator regions in genes of both the eucaryotic and procaryotic systems reveals that the arrest in transcription occurs at thymidine rich sequences preceded by GC-rich sequences of dyad symmetry. These regions encode RNA with the potential to form a stem-loop structure. Although transcriptional attenuation has been demonstrated to occur at a site approximately 2.0 kb into the ®rst intron of the human c-myb gene during hemopoietic cell dierentiation (Watson, 1988b; Todokoro et al., 1988) , no analysis of this region for features common to attenuator regions has been reported.
Examination of intron 1 of the human c-myb gene reveals two thymidine rich regions (Jacobs et al., 1994) . The ®rst region consists of 19 consecutive thymidine residues spanning nucleotide positions 1520 ± 1539 and the second region consists of 22 consecutive thymidine residues spanning nucleotide positions 3214 ± 3236 of intron 1. The former thymidine rich region localises to the reported transcriptional attenuation region for the human c-myb gene and is preceded by a GC-rich region.
The RNA secondary structures encoded by both regions were analysed using the GCG Programs, MFold and Plotfold which are based on the work of Zuker (1989) . These programs predict that the nascent RNA chain corresponding to nucleotides 1440 ± 1510 has a strong potential to form a stable stem-loop ( Figure 3 ). The structures predicted for the nascent RNA chain between nucleotides 3100 ± 3214 are unstable multiple small stem-loop structures (data not shown).
The predicted structure, boxed in Figure 3 , was compared with the published structures predicted for the attenuator regions of the N-myc (Xu et al., 1991) and c-fos genes (Mechti et al., 1991) Comparison of the transcriptional activity in the 5' region of the c-myb gene in colon and hemopoietic cell lines during dierentiation. Dierentiation was induced in the hemopoietic cell line, HL-60, by treatment with 1.3% DMSO for 72 h and in the two colon carcinoma cell lines, CaCo-2 and LIM1215, with 2 mM sodium butyrate for 72 h. Nuclei, prepared from cells before and after dierentiation, were used in run-on transcription reactions. The 32 P-UTP labelled RNA transcripts were hybridised to the target anti-sense RNA on the ®lters, as indicated. Duplicate ®lters were prepared for each treatment. (c) Densitometric analysis of the radioactivity bound to the ®lters. The graph illustrates transcriptional activity in the p1Bg3 and p1Bg2-5' region of the c-myb gene, in the sodium butyrate treated cells relative to untreated cells, after normalizing for any change in transcriptional activity in the promoter-exon 1 region (p1E2). These values have been adjusted for the uridine content of the transcribed sequences. Densitometric analysis was performed using Imagequant software and represents the mean values obtained in two separate experiments from duplicate ®lters in each experiment Figure 3 Putative stem-loop structure formed by the nascent RNA corresponding to bases 1440 ± 1510 in the c-myb attenuator region (boxed). The RNA secondary structure was calculated using the GCG programs, MFOLD and PLOTFOLD, which are based on the algorithm of Zuker (1989) . This structure is compared with the analogous structures proposed for the c-fos (Mechti et al., 1991) and N-myc (Xu et al., 1991) genes upstream of their respective attenuator sites few nucleotides 5' of the thymidine rich sequence, while the N-myc stem-loop-structure is predicted to form approximately 70 nucleotides 5' of the thymidine rich region which is a similar length to the c-myb polythymidine tract.
Polymerase chain reaction-single stranded conformation polymorphism (PCR ± SSCP) analysis of intron 1 sequences Southern analysis was performed on genomic DNA from seven human colon carcinoma cell lines known to express elevated levels of c-myb mRNA. There was no evidence of gene ampli®cation or re-arrangments in the promoter region in any of the seven colon tumour cell lines examined. However, there was evidence of a rearrangement in the LIM2536 cell line in the intron 1 region adjacent to the transcriptional attenuator region (data not shown).
To analyse the sequences adjacent to the attenuator region in more detail, SSCP analysis was performed. This technique detects dierences in migration of single-stranded DNA fragments of less than 400 bases through a non-denaturing gel. Changes in sequence, including single base changes, alter the conformation of the DNA fragment which is detected by a shift in mobility. DNA sequences were ampli®ed by PCR using genomic DNA prepared from seven colon tumour cell lines. The oligonucleotide primers shown in Table 1 were used in the combinations depicted in Figure 4 . Advantage was taken of known restriction sites to generate smaller DNA fragments of appropriate size for SSCP analysis.
Oligonucleotide primers 23a and 7as, designed to amplify the exon 2 region ( Figure 4 ) were used to control for the quality of the DNA (Figure 5a ). The exon 2 region was selected because the presence of fulllength Myb protein in all the tumour cell lines suggested that a single PCR product would be generated.
Primers 6s and 17b were used in a PCR reaction to amplify the region immediately 3' of the attenuator region. There was again evidence of re-arrangement in this region in the LIM2536 cell line (Figure 5b) , supporting the Southern analysis data.
The oligonucleotide primer pairs 3c and 9a and 6s and 17b were used to generate radioactively labelled PCR fragments for SSCP analysis. The migration patterns of the small radioactively labelled fragments through the native gels are shown in Figure 5c and 5d. With the exception of the LIM2536 cell line, there was no evidence of mobility dierences and therefore of sequence alterations in the intron 1 regions adjacent to the attenuator site.
Sequence analysis of the attenuator region of the human c-myb gene
The direct ampli®cation of the DNA sequence corresponding to the attenuator region proved dicult, so a PCR strategy involving nested primers was adopted ( Figure 5 ). Initially a 1413 bp fragment was generated by PCR using primers 9s and 17b. This fragment was then used as the DNA source for generating the 490 bp PCR fragment using primers 5 and 6 (Table 1) .
Following ampli®cation the recessed ends of the fragment were ®lled and phosphorylated prior to bluntend ligation into the pcDNA3 vector. Bacterial cells were transformed and plasmid DNA was prepared from single colonies. As the PCR product was small, both strands of each cloned DNA fragment was sequenced directly using T7 and SP6 primers. Multiple individual DNA clones from seven colon cell lines known to express elevated levels of full-length c-myb, were analysed using this approach. In addition, plasmid DNA (p12) containing c-myb intron 1 sequence derived from a placental genomic library (Jacobs et al., 1994) and genomic DNA obtained from four separate human colonic mucosal samples were analysed in the same way. This was done to ensure that the ®delity of the sequence was maintained during PCR ampli®cation, cloning and sequencing. Interestingly, there was invariably 19 consecutive thymidine residues in p12 and 20 consecutive thymidine residues in normal colonic mucosa (Table 2 ). These data suggest that 19 ± 20 thymidine residues is the normal con®guration of the proposed c-myb attenuator region.
There was no evidence of mutations in the 470 base pair sequence encoding the stem-loop structure and surrounding the attenuator region in any of the clones analysed. However, there were deletions of varying length evident in the polythymidine sequence in all cell lines ( Table 2) . As more than 50 clones were analysed from colon tissue and tumour cell lines, the data has been grouped according to the size of the deletions in The sense (S) and anti-sense (AS) oligonucleotides were synthesised on a DNA Synthesiser Model 380A (Applied Biosystems, Foster City, CA, USA) using phosphoramidite chemistry. Position numbers refer to the position in ®rst intron, where nucleotide 1 is the ®rst base in exon 1 (Jacobs et al., 1994) Figure 4 Schematic representation of the strategy used in polymerase chain reaction-single-strand conformation polymorphism (PCR ± SSCP) analysis and sequence analysis of c-myb intron 1 the clones. Although only the deletions in the sense strand are shown, in each clone that was analysed the length of the polyadenine tract on the complementary strand corresponded exactly.
The variation in length of the thymidine tract between clones analysed from the same cell line probably re¯ects variation within c-myb alleles present in the cell population. This was not unexpected as chromosomal abnormalities commonly occur in colon tumour cell lines as a consequence of malignant transformation (Pathak et al., 1989) and have been demonstrated in two of these cell lines, LIM1215 and LIM1863, by karyotypic analysis (Whitehead et al., 1985 (Whitehead et al., , 1987 . Analysis of the cellular DNA content of the remaining cell lines, by¯ow cytometry following propidium iodide staining, con®rmed the presence of aneuploid populations (data not shown). Therefore the allelic variation in the c-myb gene seen at the sequence level is consistent with clonal evolution occuring during prolonged cell culture.
Discussion
In this study we examined the mechanisms involved in the regulation of c-myb expression during the dierentiation of colon tumour cell lines, with a particular interest in determining whether disruption of these mechanisms resulted in the over-expression of c-myb consistently observed in human colon tumours and tumour cell lines.
RNase protection analyses demonstrated that the rapid down-regulation of c-myb expression seen in the colonic cell lines parallels that observed during dierentiation of human and murine hemopoietic cell lines of the myeloid and ertyroid lineages (Weston, 1990; Sheng-Ong, 1990 ). In both systems, the decrease in c-myb expression preceded the appearance of cells exhibiting a dierentiated phenotype. Similarly, nuclear run-on transcription assays demonstrated that, as in the hemopoietic system, the primary mechanism leading to decreased c-myb mRNA levels during Figure 5 Polymerase chain reaction (PCR) and single strand conformation polymorphism (SSCP) analysis of the regions of intron 1 adjacent to the polythymidine tract in LIM human colon carcinoma cell lines. Ethidium bromide stained 1% agarose gels showing, (a) the 810 bp fragment generated by PCR using primers 23a and 7as, and (b) a 732 bp fragment generated with primers 6s and 17b, using 400 ng of genomic DNA prepared from each of seven cell lines. Plasmid p1Bg3 and p12 ( Figure 5 ) were ampli®ed as positive controls using the same primer combinations. Radioactively labelled PCR fragments were generated by the addition of a-[ 32 P]dATP during PCR reactions containing primer combinations (c) 3c and 9a and (d) 6s and 17b respectively. The PCR products were digested with the restriction enzymes indicated and the fragments separated and analysed for conformational change on a 6% non-denaturing acrylamide gel induced dierentiation of colon tumour cells is a block in transcriptional elongation in the 5' region of intron 1 (Watson, 1988b; Todokoro et al., 1988; Reddy and Reddy, 1989; Boise et al., 1992; Wang et al., 1996) .
Initially we examined gene ampli®cation as a possible mechanism that could account for the elevated levels of c-myb. Data associating c-myb gene ampli®cation with colon carcinomas and adenomatous polyps has been con¯icting (Yokata et al., 1986; Meltzer et al., 1987; Torelli et al., 1987; Grego et al., 1994) . However, studies examining colon tumour cell lines have consistently reported a very low incidence of c-myb gene ampli®cation (Alitalo et al., 1984; Melani et al., 1991; Trainer et al., 1988) . The data presented in this study supports these ®ndings as there was no evidence of ampli®cation in any of the seven human colon tumour cell lines examined. This suggested that mechanisms other than gene ampli®cation resulted in the elevated levels of c-myb expression observed in the colon cell lines.
Having established the role of transcriptional attenuation in regulating c-myb expression, it was of interest to closely examine regions of the c-myb gene associated with transcriptional regulation for rearrangements. No re-arrangements were detected in the promoter region where transcriptional initiation occurs and where the processivity, or elongation potential, of the transcription complex is believed to be in¯uenced (Krumm et al., 1993) . However, rearrangements and deletions were detected in the attenuator region where the process of transcriptional elongation is regulated. The importance of gene expression being regulated at the level of transcriptional elongation was recently highlighted in studies demonstrating that the product of the von HippelLindau (VHL) tumour suppressor gene negatively regulates the elongation factor elongin (SIII). These studies found that mutations in the VHL protein interfered with this regulatory mechanism and led to a failure to regulate transcription at the level of elongation which thereby predisposed cells of the eye, kidney and central nervous system to carcinogenesis (Duan et al., 1995; Kibel et al., 1995; Aso et al., 1995) .
Attenuator regions of procaryotic and eucaryotic genes are usually located in the 5' end of the gene, downstream of the promoter and frequently in an intron. Transcriptional arrest occurs at thymidine rich sequences in the DNA which are preceded by GC-rich sequences of dyad symmetry (Spencer et al., 1990) . The nascent RNA transcribed from these sequences has the strong potential to form a stem-loop structure. The analysis of the nucleotide sequence in the c-myb attenuator region presented in this study, revealed all of these features. The region contains nineteen consecutive thymidine residues and is preceded by a GC-rich region that encodes RNA with a strong potential to form a stable stem-loop structure, analogous to the published structures predicted for N-myc and c-fos (Xu et al., 1991; Mechti et al., 1991) .
In procaryotes, either base substitutions that alter the stability of the stem-loop structure or deletions that reduce the length of the polythymidine stretch result in a decrease in the eciency of transcriptional attenuation (Platt, 1983) . In the eucaryotic system similar deletion analyses have been performed in the myc gene family. Although deletion of sequences associated with transcriptional arrest in c-myc did not aect RNA polymerase II processivity (Strobl and Eick, 1992) , deletions in the stem-loop structure and thymidine stretch in the N-myc attenuator con®rmed that both regions were required to block transcription. Moreover, the increase in transcriptional elongation associated with these deletions in N-myc resulted in a more malignant phenotype in cell transfection studies (Xu et al., 1995) . In small cell lung carcinoma (SCLC) lines a correlation between overexpression of the L-myc gene and a loss of transcriptional attenuation has been reported. In one cell line, this loss was associated with re-arrangement in the attenuator region (Krystal et al., 1988) .
Current models for molecular interactions regulating the transcriptional attenuation mechanism have involved both DNA and RNA binding proteins. Proteins that bind to DNA sequences in the ®rst intron of cmyb near the site of attenuation and have the potential to regulate the elongation process have been identi®ed (Reddy and Reddy, 1989; Toth et al., 1995) . However, models implicating RNA binding proteins have not been explored previously in the context of the c-myb gene. These models suggest that the stem-loop structure of the nascent RNA chain forms a scaolding for proteins to bind to, and interact with, the transcription complex (reviewed by Das, 1993 and Groudine, 1995) . It is therefore possible that a lack of pausing at the polythymidine sequence would aect RNA polymerase II processivity by disrupting these interactions.
DNA mis-match repair defects have been found to occur in approximately 17% of sporadic (nonhereditary) cancers (Aaltonen et al., 1994; Ionov et al., 1993; Lothe et al., 1993; Young et al., 1993; Kim et al., 1994; Thibodeau et al., 1993) and up to 86% of tumours from hereditary non-polyposis colorectal cancer (HNPCC) patients (Aaltonen et al., 1993, 
Individual clones were sequenced following PCR ampli®cation of the a plasmid DNA or b genomic DNA prepared from normal mucosa obtained from four dierent patients. This was done to establish that the ®delity of the sequence was maintained during PCR amplification, cloning and sequencing.
c Previous karyotypic analyses of LIM1215 and LIM1863 cells revealed abnormalities including trisomy of chromosome 6 in LIM1863 cells. Analysis of the DNA content of the remaining cell lines, by¯ow cytometry following propidium iodide staining, con®rmed the presence of aneuploid populations 1994; Wu et al., 1994) . These DNA repair defects lead to microsatellite instability where repeated sequences in the genome, including mononucleotide tracts, become susceptible to mutations. Unlike microsatellite sequences which are reported to either lengthen or shorten in colon tumours and tumour cell lines, mononucleotide tracts only decrease in length .
A reduction in length of a mononucleotide tract has been reported to occur in the type II TGF-b receptor gene in colon tumour cell lines (Markowitz et al., 1995) . Deletions in a tract of ten adenine residues resulted in a truncated, dysfunctional receptor protein, enabling the cells to escape TGF-b-mediated inhibition of proliferation. Similarly, in the human MSH2 gene deletions of varying length, from three to 15 bases, were found in a tract of 25 adenine residues in intron 5 although no functional signi®cance could be assigned (Bubb et al., 1996) .
Sequence analysis of the c-myb gene in the seven colon tumour cell lines examined here, also revealed deletions in a mononucleotide sequence. We propose that the deletions in the polythymidine tract have the potential to disrupt transcriptional attenuation by reducing the ability of the transcription complex to pause in the attenuator region. The cell lines therefore express elevated levels of c-myb, exhibit a high proliferative capacity and an undierentiated phenotype in vivo. However the data suggests that they retain the potential for dierentiation in vitro. Similar studies using phenotypically undierentiated leukemic cell lines that express elevated levels of c-myb suggest that they too retain the capacity to dierentiate in vitro (Boise et al., 1992; Watson, 1988b; Todokoro et al., 1988) .
Although re-arrangements in the c-myb gene have been reported in a low percentage of adenomatous polyps and adenocarcinomas of the colon (Greco et al., 1994) , no functional signi®cance has been associated with the mutations. However, in this report the deletions in the polythymidine sequence in intron 1 of the c-myb gene, are located in the transcriptional attenuator region in colon tumour cell lines. Experiments are in progress to examine the minimum length of the polythymidine sequence required to eect transcriptional attenuation and to characterise factors we have isolated that interact with the stem-loop structure. We are also examining the polythymidine sequence in matched samples of normal mucosa and tumour tissue for deletions. In colon tumour cell lines, the data provides the ®rst example of an association between deletions in an intronic mononucleotide sequence and disruption of a mechanism that, as shown in this study, negatively regulates the levels of cmyb mRNA and protein in colonic epithelial cells. If this phenomenon is present in tumour samples, given the direct correlation between c-myb expression and colon carcinoma cell proliferation, it is possible that such a disruption could contribute signi®cantly to colon carcinogenesis.
Materials and methods
Cell culture and dierentiation
The Ludwig Institute Melbourne (LIM) cell lines, 1215, 1839, 1863, 1899, 2172, 2275, 2408, 2412, 2536 and 2537 were a gift from Dr RH Whitehead (Ludwig Institute for Cancer Research, Melbourne, Australia) and were maintained as described elsewhere (Whitehead et al., 1986 (Whitehead et al., , 1987 . The CaCo-2 colon carcinoma cell line was purchased from the American Type Culture Collection (Rockville, MD, USA) and was maintained as previously described (Pinto et al., 1983) . The HL-60 cell line (Collins et al., 1977) was a gift from Dr J Hamilton (Department of Medicine, Royal Melbourne Hospital, Melbourne, Australia). Dierentiation was induced in the LIM1215 and CaCo-2 cell lines during exponential growth, by the presence of 2 mM sodium butyrate in the media and in the HL-60 cell line by the presence of 1.3% DMSO.
RNase protection assays
At each time point, the cells were harvested by trypsinisation and centrifugation and total RNA was prepared by the guanidinium isothiocyanate method (Chomczynski et al., 1987) . RNase protection assays were performed by modi®cations to the method of Melton et al. (1984) . Brie¯y, the a-[
32 P]UTP labelled probe was synthesised, using a Message Maker Kit (Bresatec, Thebarton, SA, Australia), from a template that contained the human cmyb cDNA fragment (SacI 300 ± EcoRI 583 ) cloned into the pBluescript II KS + vector (Stratagene). For each time point, 20 mg of total RNA was precipitated with 2.5610 5 to 5.0610 5 c.p.m. of RNA probe and hybridised in 30 ml hybridisation buer (80% formamide, 40 mM PIPES, pH 6.7, 400 mM NaCl, 1 mM EDTA) at 458C overnight. Nonhybridised probe was removed by digestion with RNase A (10 mg/ml) and RNase T1 (250 U/ml) (Boehringer Mannheim, Mannheim, Germany) in 300 ml digestion buer (10 mM Tris-HCl, pH 7.5, 5 mM EDTA, 300 mM NaCl) at 308C for 60 min. Following fractionation on a 6% polyacrylamide/6M urea denaturing gel, densitometric analysis of the radioactivity associated with the protected 283 bp c-myb RNA probe was performed using a PhosphorImager and Imagequant software (Molecular Dynamics Inc., USA).
Isolation of nuclei and run-on transcription assays
The nuclei were pelleted following cell lysis in ice cold NP-40 lysis buer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 1% NP-40) and stored in aliquots of 5610 7 nuclei per 200 ml of glycerol storage buer (50 mM TrisHCl, pH 8.3, 40% glycerol, 5 mM MgCl 2 , 0.5 mM DTT) at 7708C.
Nascent RNA was elongated in vitro with modi®cations to the method of Greenberg and Zi (1984) . Each reaction was performed using 5610 7 nuclei, in reaction buer containing 100 mCi a-[ 32 P]UTP (NEN/Dupont, Boston, MA, USA). After incubation at 308C for 30 min, the reaction was terminated by the addition of RNase-free DNaseI (Boehringer Mannheim, Mannheim, Germany), incubated at 308C for 5 min. Protein was digested by the addition of proteinase K (Boehringer Mannheim, Mannheim, Germany), then extracted with phenol:chloroform prior to enthanol precipitation of the RNA. The RNA pellet was dissolved in 200 ml of Tris/NaCl solution (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 0.2% SDS, 0.6 M NaCl), 1 ml counted and 5610 6 c.p.m./ml was hybridised to duplicate ®lters for at least 16 h. The membrane was washed in 26SSC at room temperature for 10 min, then twice in 26SSC/1% SDS at 608C for 20 min and ®nally in 0.26SSC at room temperature for 5 min. The radioactivity associated with RNA fragments was visualised using a PhosphorImager (Molecular Dynamics Inc., USA).
The targets on the ®lters consisted of antisense RNA, 2 mg per slot, applied to GeneScreen Plus membranes (NEN/ Dupont, Boston, MA, USA) using a Bio-Dot SF Micro®ltration Apparatus (Bio-Rad Laboratories, Richmond, CA USA) according to the manufacturer's instructions. The cmyb anti-sense RNA used was synthesised from the genomic fragments present in pBluescript II KS + , using a T3/T7 MEGAscript Large Scale RNA Transcription Kit from Ambion Inc. (Austin, TX, USA). The c-myc (exons 2 and 3) antisense RNA was similarly prepared from the cDNA fragment present in pGEM 4Z, linearised using the EcoRV site in exon 2 and transcribed using the T7 promoter. The gactin antisense RNA was prepared from a (XhoI ± XhoI) human cDNA fragment (Gunning et al., 1983) cloned into pBluescript II KS + and the GAPDH antisense RNA was prepared from a (PstI ± PstI) rat cDNA fragment present in pGEM 4Z.
Single stranded conformation polymorphism (SSCP) analysis
Genomic DNA was isolated from 10 8 cells by lysis in 10 mM Tris-Cl, pH 7.5 containing 50 mg/ml of Proteinase K. After incubation overnight at 558C, the protein was precipitated by centrifugation in the presence of 2 M NaCl at 13 000 r.p.m. for 15 min. The DNA was precipitated from 400 ml of the supernatant using 2 volumes of isopropanol and the concentration determined from the absorbance at 260 nm.
SSCP analysis was performed using a modi®cation of the method of Orita et al. (1989) . Brie¯y, the ampli®cation of 300 ng DNA was performed in a 25 ml volume using 1.5 mM MgCl 2 and 2 mCi a-[ 32 P]dATP. Following con®rmation of the presence of PCR fragments by agarose gel electrophoresis, a 2.5 ml aliquot was digested using the appropriate restriction enzyme. A 4 ml aliquot of the digestion reaction was diluted to 25 ml in deionised formamide and the DNA strands were separated by heating to 958C for 5 min. The samples were immediately placed on ice prior to the fractionation of the separated, non-denatured strands of DNA in a nondenaturing polyacrylamide gel (6% acylamide:bis (29:1), 1 mM EDTA, 45 mM Tris-borate, pH 8.0). Radioactivity associated with the DNA fragments was visualised using a PhosphorImager and Imagequant software (Molecular Dynamics Inc., USA).
Cloning and sequencing of PCR fragments DNA was ampli®ed from 400 ng of genomic DNA using nested primers. Initially primers 9s and 17b were used, followed by primers 5 and 6, to generate a 490 bp fragment. Five separate reactions were pooled to minimise error during ampli®cation and the PCR fragment precipitated. The recessed ends of the fragment were ®lled and phosphorylated prior to blunt-end ligation into the EcoRV site of the pcDNA3 vector. Following transformation of E.Coli NM522 cells, plasmid DNA was prepared from single colonies by the CTAB method (Del Sal et al., 1989) . The sequencing reaction was performed in the forward and reverse directions using T7 and SP6 primers and a PRISM TM Ready Reaction Dyedeoxy Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) then sequenced using an ABI 373 Automated DNA Sequencer (Applied Biosystems, Foster City, CA, USA).
